INTRODUCTION
A multitude of up to 1000 OR (1, 2) , and their combinatorial odorant recognition properties (3, 4) have made it difficult to assign ligand profiles to individual OR (5) . Few studies have associated single odorants with individual OR by means of adenoviral overexpression assays in vivo (6) , single-cell RT-PCR of odorant-responsive OSN (3, 4, 7) , and OR gene targeting followed by functional analysis of single OSN (8) . The heterologous expression and functional imaging of some N-terminally tagged recombinant OR in HEK-293 cells has been achieved by forcing them to activate phosphoinositol signaling and Ca 2+ release via G protein subunits α15,16 (7, (9) (10) (11) , or other Ca 2+ release-activating G proteins (12) . However, it is not known wether all OR, and by which efficacy, may couple to G proteins that activate phosphoinositol signaling. The apparent virtues of natural cell receptor systems have been pointed out (13) , and cell lines derived from OSN expressing the olfactory CNG channel have been reported previously (14) (15) (16) . However, the expression of exogenous OR in these cells is problematic 2 , or they appear to express several endogenous OR (15, 16) , therefore complicating the investigation of specific cognate OR-odorant pairs. Heterologously expressed OR can trigger odorant induced cAMP signalling (9, 17) . Thus far, however, functional genomics of OR were hampered by the absence of a generally applicable cell system to study recombinant OR in their olfactory-specific Gαolf/AC type-III/cAMP (18) signaling background. Here, we demonstrate stable expression of canonical olfactory signal transduction molecules, together with individual OR in the human HeLa/Olf cell line. This allows odorant/ORactivated intracellular cAMP signaling, as well as cyclic nucleotide-induced Ca 2+ -influx through CNGA2 that can be monitored with conventional single cell and high-throughput Ca 2+ -imaging methods. We demonstrate the central role of G protein αolf, and show evidence for G proteindependent and ligand-selective agonism and antagonism of odorants at OR. 3 epithelium biopsies with Trizol (Gibco), then mRNA with Micro-FastTrack 2.0 (Invitrogen), and synthesized first-strand cDNA using ImProm-II (Promega) reverse transcriptase. We PCRamplified and subcloned hGαolf into the CMV promoter-driven expression cassette pi2-dk, based on plasmid pIRES2-EGFP (Clontech), but lacking the IRES-EGFP part. We subcloned G 15 (Gna15, NM010304), and mOR912-93 (Olfr154) from their original plasmids (pBSG15, (19) , see supplementary-information-online; mOR912-93, see (11) ), into the EcoRV/XbaI sites of pcDNA3 (Invitrogen), or the EcoRI/NotI sites of pi2-dk(rt39), respectively. We PCR-amplified the fulllength coding regions of Ors6 (NM020289), Ors86 (Olfr586, NM147111), Olfr43 (XM111129), from mouse (C57BL/6J) genomic DNA with Pfu (Promega), or PfuUltra (Stratagene). Amplicons were subcloned into pi2-dk(rt39). This expression vector provides the first 39 amino acids of the bovine rhodopsin (rho-tag(39)) as a N-terminal tag for all full-length OR. We cloned the full-length coding region of mouse Olfr49 (I-C6, NM010991), mouse and rat Olfr41 (mI7, NM010983; rI7, NM_031710) (10) , and human OR17-40 (OR3A1) EcoRI/NotI into pi2-dk(rt39) from the original plasmids. The identities of all subcloned amplicons were verified by sequencing (UKEHH, Hamburg) (for details and primer sequences, see supplementary-information-online). Cell culture and transient DNA transfection -All cell culture media, ingredients, and antibiotics were obtained from Invitrogen/Gibco, except for G418 sulfate (Calbiochem) and Puromycin (Sigma). HeLa cells were grown in standard DMEM with 10% heat-inactivated FBS, 2 mM Lglutamine, 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere (37 0 C, 5% CO 2 ). Before transfection, cells were seeded in black wall/clear bottom 96well plates (Molecular Devices) for FLIPR, coated with poly-D-lysine (10 µg/ml) and cultured to a preconfluent monolayer. Cells were transfected with DNA using lipofection (PolyFect, Quiagen), and fourty hours posttransfection taken into experiments (for stable cell lines, see supplementary information online). Usually, about 5% of OR-transfected cells showed a signal in anti-rho-tag immunocytochemistry. However, 10 (10), but with the following modifications: we used the monochromator-based Till Photonics imaging system in combination with an inverted Olympus IX50 microscope equipped with an UApo/340 40×1.35 oil immersion lens. Forty hours post transfection, cells were loaded (1 h/37°C) with 4 µM Fura-2-AM (Molecular Probes) in serum-free DMEM, and transferred into a bath chamber with a HBS: 140 mM NaCl, 5 mM KCl, 5 mM CaCl 2 , 10 mM HEPES, 10 mM glucose (pH 7.4). Fluorescence from single cells was monitored in 10-s intervals at an emission wavelength of 515 nm, after excitation (3-15 ms) with 340 nm and 380 nm, and ratioed (F 340 /F 380 ). Images of the cells were monitored by an intensified, cooled CCD camera, and analyzed offline. We applied isoproterenol (10 µM) at the end of each experiment to stimulate endogenous β-AR, proving that the G proteindependent signal transduction cascade was functional. Odorants (supplementary-Tab.2-online), poly-D-lysine, probenecid, salts, buffers, and dbcAMP (membrane-permeable, used at 1 mM) were from Sigma. Thapsigargin (BioTrend/Tocris; 1 µM, 30 min) blocked receptor-mediated Ca 2+ release from IP 3 -sensitive internal stores (22) . Bath application of 1 mM EGTA (Sigma) blocked Ca 2+ -influx. Ca 2+ -FLIPR assay -Cells were loaded with 4 µM FLUO-4/AM and 0.04% Pluronic F-127 (both Molecular Probes) in HBS (see above), but with 20 mM HEPES and 2.5 mM probenecid. After loading, cells were washed twice with HBS by an automated plate washer (Denley Cellwash, Labsystems) and transferred to the FLIPR (Molecular Devices). The FLIPR integrates an argon laser excitation source, a 96-well pipettor, and a detection system utilizing a CCD imaging camera. Equipment for the FLIPR system was obtained from Molecular Devices. 50 µl of 3x-concentrated agonists were delivered within 2 seconds simultaneously to all wells containing 100 µl HBS. Fluorescence emissions from the 96 wells were monitored simultaneously at an emission wavelength of 515 nm, after excitation with 488 nm (F488). Fluorescence data were collected at 0.25 Hertz, 48 seconds before and 5-10 minutes after stimulation, and analysed offline. Data analysis -In the FLIPR screening experiments, agonist response amplitudes were determined from the peak stimulated fluorescence of the solvent control-or mock-transfectedsubstracted and baseline-corrected traces, and averaged over 4-5 wells expressing the same receptor, and receiving the same stimulus. For control, we applied each odorant concentration to mock-transfected cells. EC 50 values and curves were derived from fitting the function f(x) = (a-d)/(1+(x/C)^nh)+d to the data by nonlinear regression, with a=minimum, d=maximum, C=EC 50 , and nH=Hill coefficient. Immunocytochemistry -Plasma membrane expression of N-terminally tagged rho-tag(39) OR was assessed using the primary anti-rhodopsin antibody B6-30 (10) (1:1000, 1 hr RT or 4°C o/n), in goat serum-blocked (5%, 30 min), and nonpermeabilised (4% fresh paraformaldehyde, 15 min RT) and permeabilised (4% fresh paraformaldehyde 15 min RT, aceton/methanol 1:1, -20°C, 3 min) cells. 2% serum was present throughout. Labeled OR protein was visualized using an Alexa-488-coupled secondary antibody (1:200, goat-anti-mouse, Molecular Probes), and confocal microscopy (Leica TCS SP2 Laser Scan, 100x HCX PL APO oil immersion). cAMP assay -HeLa-Cx43/CNGA2/rho-tag(39)-Olfr49 cells (10 6 cells per well in 6-well plates) were used non-transfected, or were transfected with 1.5 µg of rat Gαolf or rat Gαs DNA, using PolyFect (Quiagen). After fourty hours, cells were preincubated with IBMX (Calbiochem), a blocker of phosphodiesterase (100 µM, 30 min), and exposed to (-)citronellal or isoproterenol (2 min). The cAMP levels were assayed with the 125 Ilabeled cAMP assay system (Amersham) in triplicate determinations. Values are given as fold stimulation over basal. Western blot analysis -Crude membrane preparations of HeLa/CNGA2 and HeLa/Olf cells were cholate(1%)-extracted in the presence of 5 leupeptin 2 µg/ml, PMSF 1mM, pepstatin-A 2 µg/ml (all Sigma). 19 µg protein of each preparation were run out in a 11% SDS page, and blotted onto nitrocellulose, using a Sammy Dry Blotter (Schleicher&Schüll). Blots were blocked and incubated 2 hrs with a polyclonal anti-Gαs antibody (C-18, Santa-Cruz, 1:200), which is directed against the C-terminal amino acids, and also recognizes Gαolf. Chemoluminescence of peroxidase-coupled secondary antibody (antirabbit IgG, 1.5 hrs) was visualized by hyperfilm-ECL exposure (7 min).
[35S] GTPγS Binding Assay -HeLa/15 cells and HeLa/Olf cells were grown in a 10 cm dish and transfected with 6 µg Ors6 plasmid or empty vector using PolyFect (Quiagen). After 42 hours, cells were harvested by manual scraping, and the [35S] GTPγS Binding Assay was performed as described by Bidlack & Parkhill (23) with modifications.
The membrane protein concentration was 80 µg pro experiment and the agonist stimulation was measured as triplicates in a Beckmann scintillation counter "LS6500". The Whatman GF/B glass fiber filters were shortly preincubated with 20 mM Tris-HCl, 10% polyethylenglycol, 10 mM MgCl 2 ,(pH 7,4). Basal [35S] GTPγS binding was determined in the absence of an agonist. The non-specific binding was subtracted and the basal value was set to 100%.
RESULTS
We initially established the human HeLaCx43/CNGA2 cell line, stably expressing Cx-43 (20) , and the olfactory homomeric CNGA2 channel (21) as a Ca 2+ -influx reporter for receptorinduced changes in the concentration of intracellular cyclic nucleotides. The presence of Cx-43 proved to be beneficial for obtaining stable transfectants for CNGA2. We confirmed the expression of mRNA for the CNGA2 channel in HeLaCx43/CNGA2 cells by RT-PCR ( Fig. 1) , and functional expression of CNGA2 in single cell Ca 2+ -imaging experiments (Fig. 2a, 
left panel, d, e).
A further characterization of HeLa-Cx43/CNGA2 cells by RT-PCR revealed endogenous expression of mRNA for ACIII, VI, VII, and IX out of the nine known AC (Fig. 1) , as well as for Gαs, but not Gαolf (Fig. 3a) . In these cells, the β-AR agonist isoproterenol was not able to induce a We compared the efficacy of both G proteins in OR, and β-AR signaling in HeLa/Olfr49 cells, employing a cAMP assay (Fig. 2f) . The isoproterenol-induced cAMP production was higher in cells transfected with Gαs, whereas the (-)citronellal-induced cAMP production was higher in Gαolf-transfected cells. These results indicated first, that an overexpression of signal transducing G protein appears necessary for functional OR expression in HeLa-Cx43/CNGA2 cells, and second, that an odorant/OR-induced cAMP production was most efficient in Gαolf-transfected cells. We therefore established stable expression of human Gαolf in HeLaCx43/CNGA2 cells (HeLa/Olf). As a result, the amount of Gαolf/Gαs was ~2.5 fold higher in HeLa/Olf cells as compared to the endogenous Gαs levels in HeLa-Cx43/CNGA2 cells ( Fig. 3) . At the level of OR-odorant interaction, combinatorial coding is commonly accepted, as inferred from often broadly tuned OSN (3, 4) . Until now, however, only 14 OR gene sequences were published from one (3), but not the other (4) of the two comprehensive studies that deduced OR sequences from hundreds of single-cell RT-PCR experiments with mouse OSN that had responded to a chemically related set of odorants. Neither of these studies used the deduced OR sequences to confirm the odorant responsiveness of their gene 6 products by means of EC 50 -ranking odorant profiles in functional expression studies. GTPγS binding experiments with HeLa/Olf cells expressing Ors6, and in FLIPR experiments with Ors86, we observed an odorant selectivity for nonanedioic acid and nonanoic acid, respectively, but not for octanoic acid (Figs. 4, 5) , similar to what was observed in OSN (3). In contrast, in HeLa/15 cells, octanoic acid outperformed nonanedioic, and was as good an agonist as nonanoic acid, for Ors6 and Ors86, respectively (Fig. 4 , Tab. 1). Since octanoic acid worked as an agonist for both Ors6 and Ors86 in HeLa/15 cells, but did not induce signaling in Ors6-or Ors86-expressing HeLa/Olf cells, we consequently investigated in these cells a possible antagonistic function of octanoic acid on Ors6 and Ors86. Here, octanoic acid acted as a competitive antagonist by shifting the EC 50 values of nonanedioic acid and nonanoic acid, from 0.5 ± 0.03 µM (n=3) and 3.3 ± 0.5 µM (n=3), to 1.6 ± 0.3 µM (n=2) and >100 µM (n=2), respectively (Fig. 5a, b) . Similarly, when using cAMP as a readout in Ors6-or Ors86-expressing HeLa/Olf cells, octanoic acid shifted the concentrationresponse relations of nonanedioic and nonanoic acid to the right (Fig. 5c, d) . Octanoic acid at 30 µM did not inhibit the db-cAMP-stimulated CNGA2 channel in HeLa/Olf cells (data not shown). We have put HeLa/Olf cells to the test in a functional genomics approach to identify further OR with high sensitivity and specificity for (-)citronellal. In 96well-FLIPR experiments, we first screened (-)citronellal at a concentration (1 µM) below its EC 50 value for Olfr49, against 93 rho-tag(20)-M4 chimeric mouse OR (10), seperately expressed in HeLa/Olf cells. The rhotag(20)-M4 chimera of Olfr49 was always included as a positive control (96well coordinate A5), and consistently responded to (-)citronellal (Fig. 6a) . We newly identified two OR, Olfr43 (A1) and MOR267-1 (F2) that responded to 1 µM (-)citronellal (Fig. 6a) . Full-length rho-tag(39)-Olfr43, -Olfr49 and -MOR267-1 expressed at the plasma membrane level in HeLa/Olf cells (Fig. 6b) . The expression of these rhodopsintagged OR at the plasma membrane level of HeLa/Olf cells amounted to 25-40% of that of rhodopsin as a reference GPCR (Fig. 6c) . The identification of OR-specific chaperones might improve this further (17) . Rho-tag(39)-Olfr43, -Olfr49 and -MOR267-1 activated a (-)citronellalinduced Ca 2+ -influx in a receptor-dependent (Fig.  6d) , and odorant concentration-dependent manner (Fig. 6e) . Olfr43 emerged as the most sensitive OR for (-)citronellal (Fig. 6e, Tab.1 ). To further characterize and establish an odorant response pattern of Olf43, we then screened HeLa/15 cells and HeLa/Olf cells expressing full-length rhotag(39)-Olfr43 versus 94 odorants (listed in supplementary-Tab.2-online) at a concentration of 30 µM (Fig. 7a, b ). 14 or 10 odorants elicited Ca (Fig. 7a, b) . Interestingly, the pattern of Olfr43-activating odorants differed depending on the G protein employed, but overlapped in a set of 7 odorants that were agonists in both OR/G protein systems. These odorants turned out to be the most potent agonists of rho-tag(39)-Olfr43 in HeLa/Olf cells. We obtained an EC 50 -based rank order of potencies: (-)citronellal > helional> E-4-decenal, octanal > heptanal, β-citronellol (Fig. 7c, d , Tab.1), with no effect of citronellic acid.
DISCUSSION
We have designed HeLa/Olf cells to function as sensors for odorant/OR-induced cAMP signalling. To stably reconstitute OR signal transduction, we employed the homomeric wild type olfactory CNGA2 channel, which has a rather high EC 50 for cAMP (65 µM) (24) . We, however, refrained from using a mutant homomeric CNGA2 channel that had been described to have a similar low EC 50 (3 µM) for cAMP as does the heteromeric wildtype channel (25) . An increased sensitivity for cyclic nucleotides may result in an increased resting conductance of CNG channels (26), which in the long run might lead to noxious Ca 2+ concentrations, hampering the establishment of stable cell lines. The lower sensitivity for cAMP of the HeLa/CNGA2 cell system was compensated by the overexpression of OR-coupling G proteins Gαolf or Gαs. In the course of establishing HeLa/Olf cells for the de-orphaning of OR, our experiments revealed coupling of Olfr49 or β-AR to both Gαolf and Gαs, in line with and extending previous findings (9, 27) . Moreover, the coupling of Olfr49 to Gαolf, as well as of β-AR to Gαs, appeared to be preferential. The preference of β-AR signaling via Gαs seemed to be more pronounced than the preference of Olfr49 signaling via Gαolf. However, a more rapid deactivation of Gαolf-GTP by GTP hydrolysis and GTP dissociation relative to Gαs-GTP (27) may account for these differences. While the differences in signaling efficacy of an OR coupling to either one of the rather homologous G proteins αolf or αs appear subtle in HeLa cells, they may have a physiological relevance during development when both G proteins are differentially expressed in the OE (28 Coupling of OR to non-typical G proteins α15 or α16 is unlikely to occur in the OSN, and hence is not relevant for odorant coding in the OE. However, because of the excessive numbers of OR and their combinatiorial odorant coding, EC 50 -ranking agonist and antagonist profiles are the only reliable pharmacological parameters of OR, which will have to be determined in heterologous cell systems. We conclude from the present study that it is crucial to couple OR via Gαolf in heterologous cell systems, to avoid false odorant profiles in a functional genomics approach. Our experiments clearly show that odorants structurally related to OR agonists can function as competitive antagonists at the receptor level, depending on the G protein employed. Acknowledging several recent reports on odorant antagonism at the level of OR (32) (33) (34) , the functional characterization of OR will have to be modelled on GPCR pharmacology. Hence, the basic concept of establishing odorant recognition patterns of OR needs to be extended to OR-specific EC 50 -ranking 8 agonist and antagonist profiles, in a cellular system, such as HeLa/Olf, that provides for ORspecific signal transduction. OR may have a broadly tuned odorant specificity, due to combinatorial odorant coding, and depending on odorant concentration. An advantage of unspecific over specific tuning of OSN, and thus OR, for quality and intensity coding by means of a mixture of receptive fields of greatest possible diversity has been proposed recently in a mathematical model (35) . However, another study suggested that principal odor qualities are encoded by the most sensitive receptors for a given odorant (4). Are Olfr43, Olfr49 and MOR267-1 such receptors for (-)citronellal? HeLa/Olf cells proved suitable to answer this question by screening (-)citronellal versus an OR library, and screening the best responding OR versus an odorant library. In summary, Olfr43 emerged as the most sensitive out of 93 OR for citronellal, which, in turn, was the best agonist for Olfr43 out of a collection of 94 odorants. Olfr43 appeared to have a prevalence for aldehydic odorants. A more detailed characterrization of Olfr43 and its human homologs is in process. We have described here the functional reconstitution of OR together with their stably reconstituted olfactory signal transduction molecules in the human cell line HeLa/Olf, to investtigate odorant coding at the receptor level. We demonstrated the central role of Gαolf in defining OR-specific odorant profiles, as well as defining the function of some odorants as either agonists or antagonists. Our approach points the way to solve the riddle of odorant coding and structure-function relations of OR, by functionally screening an entire OR proteome versus odorant libraries, using high-throughput screening methods, and establishing EC 50 -ranking odorant profiles. Data are given as single concentrations, or EC 50 values as mean + SD, with numbers of experiments in parantheses. Except for Olfr43, the historical names of ORs are listed with their references. n.d., no data; a no effect up to 100 µM; *no effect up to 300 µM. may be prevented, thus increasing the number of surviving stable transfectants. We thus refrained from using a mutant homomeric CNGA2 channel that had been described to have a similar low EC 50 for cAMP as does the heteromeric wild-type channel 10 . An increased sensitivity for cyclic nucleotides may result in an increased resting conductance of CNG channels 11 , which in the long run might lead to noxious Ca 2+ concentrations, hampering the establishment of stable cell lines. Coordinates from the 96-well screening experiment (Fig. 7b) are given in parantheses. 
